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SUMMARY
The human liver cytochrome P-450111 family contains two highly
related forms of cytochrome P.450 (P450), HLp and P45ONF,
that are expressed in the adult and a form, HLp2, that is
expressed in the fetus. Immunoblot analyses of 46 liver speci-
mens developed with an anti-HLp antibody demonstrated that,
in addition to HLp, 1 1 specimens contained a previously unde-
tected higher molecular weight protein (termed HLp3). The
expression of HLp3 did not correlate with the age, gender,
smoking habits, or drug history of the patients. This protein was
purified and found to be a P450 with a molecular weight of
52,000. Ouchterlony analyses using a polyclonal anti-HLp anti-
body yielded lines of partial identity between HLp3 and both HLp

and HLp2. In addition, structural comparisons between these
three proteins, including amino-terminal amino acid analyses and
peptide mapping, indicated that HLp3, HLp2, and HLp are highly
related but distinct proteins. In reconstituted systems, HLp and
HLp3 were found to hydroxylate testosterone at the 6fl and 2f3
positions. In microsomes, the rates of hydroxylation of testos-
terone at the 2�3, 6a, 6fi, 1 5/3, 1 6/3, and 1 8 positions and the
formation of an unknown were found to correlate with the levels
of total HLp-related protein and these activities were inhibited by
anti-HLp antibodies. In conclusion, our data demonstrate that
HLp3 is a member of the human P450111 family and is polymorph-
ically expressed.

The P450s are a superfamily of hemoproteins that are re-

sponsible for the oxidative metabolism of a large number of

compounds including xenobiotics, such as drugs and pesticides,

and endobiotics, such as prostaglandins and steroids (1-3).

Recently, a great deal of progress has been made in the identi-

fication and characterization of human liver P450s with im-

munologic, purification, and recombinant DNA techniques

combining to characterize at least 12 different human liver

P450s (4-12). Three of these forms of P450, P45ONF, HLp,

and HLp2, comprise the human steroid-inducible P450111 fam-

ily (3-6, 13). Two members of this family, P45ONF and HLp,

are highly related, differing by only 11 of 503 amino acids (13),

and together account for up to 30% of the total P450 present

in the liver of the adult (4-6). The third member, HLp2,

represents the majority of the P450 present in the fetal liver
(6). In addition, the levels of HLp (P45ONF)’ have been shown
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1 The exact relationship between HLp and P45ONF, with respect to their

catalytic properties, is currently not understood. However, the monoclonal anti-
body used in this report recognizes both HLp (4, 18) and P45ONF (5, 28). Thus,

the levels of HLp-related protein determined by immunoquantification studies
with this antibody would reflect the combined level of HLp and P45ONF, if they
are indeed different proteins. In addition, because the antibody preparations used
in immunoinhibition studies also appear to react with both HLp and P45ONF, it
is not currently possible to determine whether catalytic differences exist between

these two forms.

to be induced in humans by administration of macrolide anti-

biotics (e.g., rifampicin and triacetyloleandomycin) (4, 14) and

glucocorticoids (e.g., dexamethasone) (4).

The human liver P450111 family is clinically very important,

because the members of this family have been shown to be

responsible for the metabolism of a large number of drugs. For

example, HLp or P45ONF has been shown to be responsible for

the metabolism of erythromycin, benzphetamine, aldrin, quin-

idine, cyclosporin, and dihydropyridine calcium channel block-

ers such as nifedipine (4, 5, 14, 15). This family of P450s also

appears to be responsible for the 6j9-hydroxylation of steroids,

including testosterone, androstenedione, progesterone, and cor-

tisol (16, 17). Finally, unlike the fetus of the rodent, the human

fetus is capable of metabolizing a large number of compounds

and HLp2 has been shown to be the major form of P450

expressed in fetal liver (6). Thus, the P450111 family of P450s

plays a crucial role in xenobiotic and endobiotic metabolism by

the liver throughout human development.

Analyses of the total genomic DNA related to HLp suggest

that there are at least five genes in the human P450111 family

(18). However, the number of these genes that are actually

expressed is not known. We report here that, in addition to

HLp, a protein (termed HLp3) that is related to the P450111

family is expressed in 11 of 46 human liver specimens. More-

over, the levels of HLp3 do not appear to correlate with the
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HLp levels or with the ages, smoking habits, genders, or drug

histories of the patients. In addition, we purified HLp3 and

through structural, functional, and immunochemical studies

demonstrated that, although it is highly related to the other

members of the human P450111 family (HLp, P45ONF, and

HLp2), it is clearly a distinct form of P450. Finally, using a

highly sensitive HPLC technique, we find that the members of

the P450111 family catalyze several stereospecific hydroxyl-

ations of testosterone that have not been previously observed

with human liver microsomes.

Expenmental Procedures

Materials. Tergit.ol NP-b, L-dilauroylphosphatidylcholine, testos-

terone, 1 1f.�-testosterone, a-chymotrypsin (type I-S), and Staphylococ-

cus aureus V8 protease (type XVII) were purchased from Sigma Chem-
ical Company (St. Louis, MO). Sepharose 4B-CL was obtained from
Pharmacia (Piseataway, NJ). Aldrich (Milwaukee, WI) was the source
of 1,8-diaminooctane. Nitrocellulose, secondary antibodies, SDS-poly-
acrylamide gel electrophoresis reagents, silver stain kits, and hydrox-

ylapatite (Bio-Gel HTP) were purchased from Bio-Rad (Richmond,
CA). Whatman DE-51, DE-52, DE-53, and CM-52 celluloses were
purchased from Bodman (Doraville, GA).

Liver specimens. The human liver specimens were obtained at
surgery in accordance with protocols approved by the Committee for

the Conduct of Human Research at the institution (The Medical
College of Virginia, Richmond, VA; The Medical College of Wisconsin,
Milwaukee, WI; or The University of Michigan, Ann Arbor, MI) at
which they were received. All patients had normal bilirubin and trans-
aminase levels. Patient code numbers refer to individual liver specimens
obtained at The Medical College of Virginia, with numbers 1 through
23 having appeared in other studies (4, 7-9). Code numbers preceded
by UM represent liver specimens obtained at the University of Michi-
gan. Liver specimens obtained at the Medical College of Wisconsin are
represented by the letters of the alphabet. The ages, genders, smoking

habits, and drug histories of the patients not previously reported are

listed in Table 1.

General assays. Hepatic microsomes were prepared by differential
centrifugation, as previously described (19). The protein concentrations
of the various microsomal samples and purified P450s were determined
colorimetrically (20). Total P450 concentrations were determined by
the method of Omura and Sate (21) using the extinction coefficient of

91 mM� cm’. SDS-polyacrylamide gel electrophoresis (10 and 12%,

w/v) was performed by the method of Laemmli (22) and the separated

proteins were silver stained as described by the manufacturer. Ouch-

terlony double-diffusion immunoprecipitin (23) and immunoblot anal-
yses (4) were carried out as described elsewhere. Peptide maps were

generated by limited proteolytic digestion by the method of Cleveland

et al (24). Amino-terminal amino acid sequences were determined by
automated Edman degradation, using an Applied Biosystems model

477A pulsed liquid phase sequencer.

Purification of human liver cytochrome P-450 HLp3. Unless
otherwise indicated, all steps of the purification were carried out at 4*�
Liver microsomes (2000 mg oftotal protein, 1076 nmol of P450) isolated

from specimen E were diluted to 2 mg of protein/mi in microsome
storage buffer (25) and were solubilized by the dropwise addition of
20% (w/v) twice-recrystallized cholate to a final concentration of 0.6%.

The solution was stirred for 30 mm and insoluble material was removed
by centrifugation for 1 hr at 105,000 x g. The resulting supernatant
was divided into two equal fractions and applied at 1 ml/min to two

aminooctylamino-Sepharose 4B columns (2.6 x 28 cm), which were
prepared as previously described (25) and equilibrated in 100 mM

potassium phosphate buffer (pH 7.25) that contained 1 mM EDTA,
20% glycerol, and 0.6% cholate. The columns were washed with 1 liter
each of equilibration buffer containing 0.42% cholate. Hemoprotein

was eluted by equilibration buffer containing 0.33% cholate and 0.06%
Tergitol NP-b. The 417 nm-absorbing peak fractions from both col-

umns that were of high relative purity, as determined by silver-stained

polyacrylamide gels, and that reacted with a monoclonal anti-HLp
antibody (4, 18) in immunoblot analyses were combined (504.9 nmol

of P450, 47% yield) and concentrated to 44 ml in an Amicon ultrafil-
tration cell equipped with a PM3O membrane.

This fraction was then dialyzed against 1 liter of 5 mM potassium

phosphate buffer (pH 7.7) containing 0.1 mM EDTA, 20% glycerol,

0.1% Tergitol NP-b, and 0.2% cholate over 72 hr with six changes.
The dialyzed fraction was then stirred at room temperature for 30 mm

and applied to a DE51 (1.6 x 7 cm), DE52 (1.6 x 15 cm) and DE53

(1.6 x 25 m) cellulose column series that was equilibrated at 40 ml/hr
at room temperature with 1000 ml of dialysis buffer. The columns were

then washed with dialysis buffer, which resulted in the elution of HLp3,
as determined by immunoblots developed with the monoclonal anti-

HLp antibody. Those fractions that were of high relative purity, as
determined by SDS-polyacrylamide gel electrophoresis, and were en-

riched for HLp3 over HLp, as determined by immunoblots, were

combined (47.7 nmol of P450, 4.4% yield).

The combined fractions were dialyzed against 20 volumes of 10 mM
potassium phosphate buffer (pH 7.25) containing 20% glycerol, 0.3%

Tergitol NP-b, 1 mM EDTA, and 0.1 mM dithiothreitol for 20 hr. This

fraction was then applied to a hydroxylapatite column (1.6 x 5 cm)
that was equilibrated at 1 ml/min in 100 ml of the dialysis buffer. The

column was washed with 60 ml of 40 mM potassium phosphate buffer

(pH 7.25) containing the same components as the dialysis buffer and
HLp3 was eluted with 90 ml of 90 mM potassium phosphate buffer

with the same components. Those fractions that contained HLp3 and
that were of high relative purity were combined (16.0 nmol of P450,

1.5% yield).
The combined fractions were then dialyzed against 20 volumes of 5

mM potassium phosphate buffer (pH 6.5) containing 20% glycerol, 0.1

mM EDTA, and 0.2% Tergitol NP-b, with four changes over 48 hr.

The dialyzed fraction was applied at 1 ml/min to a CM52 column (1.6

x 10 cm) that was equilibrated with 200 ml of dialysis buffer. The

column was washed with 120 ml of dialysis buffer and the hemoprotein

was eluted by application of a 200-ml 0-250 mM NaCl gradient in

dialysis buffer. Only one 417 nm-absorbing peak eluted and those

fractions within that peak that contained only HLp3, as determined
by immunoblots and SDS-polyacrylamide gel electrophoresis, were

combined. A small hydroxylapatite column (26) was used to concentrate
and remove the detergent from HLp3 (3.15 nmol of P450, 0.3% final
yield).

Purification of other proteins and antibody preparation.
Adult human liver HLp was purified to a specific content of 17.5 nmol
of P450/mg of protein, by previously described methods (4), from

microsomes isolated from specimen 1 1. Human fetal liver HLp2 was

purified as previously described (6). Rat NADPH cytochrome P-450
reductase was purified as previously described by Yasukochi and Mas-

ters (27). Monoclonal antibody 13-7-10, which recognizes HLp (4, 18,

28), and goat anti-HLp IgG (6) were prepared and characterized as

indicated in the cited references.
Testosterone hydroxylase assay. The rates of testosterone hy-

droxylation by liver microsomes or by reconstituted systems were

determined by a slight modification of the procedure described by
Sonderfan et at. (29). Briefly, liver microsomes (0.25 to 0.60 nmol of

P450) or reconstituted systems (0.05 nmol of P450 reconstituted with
optimal amounts of NADPH cytochrome P450 reductase and dilau-

roylphosphatidylcholine, 0.2 nmol and 10 �g, respectively) were incu-

bated at 3� in 1-ml duplicate incubation mixtures that contained 0.25

mM testosterone, 3 mM MgCl2, 1 mM EDTA, and 50 mM potassium

phosphate buffer (pH 7.4). Reactions were initiated by the addition of

NADPH (1.2 mM). Under these conditions, the rates of formation of

the various testosterone metabolites were linear for at least 10 mm.
The reaction was terminated with 6 ml of dichloromethane, spiked

with internal standard (1 1$-hydroxytestosterone), vortexed, and cen-
trifuged and 4 ml of the organic phase were dried under nitrogen. The

dried samples were stored at -20� . The residue was redissolved in 50
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TABLE 1

Patient histories and lmmunoquantificatlon of total HLp-related protein and HLp3 levels
Immunoquantiflcation of the human liver P450s related to HLp were performed as described in Experimental Procedures, with the densitometnc value obtained for
specimen A arbitrarily set at 100%.

Total

�a:t Related’ HLp3 Gender Age � Drug History

% % oftotal pack-years

A 100 M 25 75 None
B 110 M 50 35 None
C 1 1 8 M 22 UKC Ethanol (0.25%) (unspecified drug abuse)
D 73 M 31 NS’� None
E 262 26 M 14 NS Pentobarbital

(coma induced 1 week before death)
Pancuronium Br
Dopamine
Furosemide

Mannitol

Hepann
Cefazolin

F 192 28 F 50 Heavy Alcoholic
Insulin

G 21 8 32 F 48 UK Teldnn
H 73 F 28 UK None
I 31 6 M 43 NS Phenobarbital

Phenytoin
Propranolol

J 121 F 55 UK None

24 41 UK UK UK UK
25 61 M 27 UK Dopamine

Vasopressin
26 48 F 69 NS None
27 40 M 47 UK Lorazepam

Cefazolin
Triazolam
Morphine
Glycopyrrolate

28 80 F 75 NS Levothyroxine
Thiondazine
Furosemide

Ranitidine
29 81 F 66 75 Levothyroxine

Estrogen

Hydroxyzine
Metamucil

30 21 2 15 F 40 NS FeSO4
Cefoxitin

31 122 F 57 NS Furosemide
Morphine
Promethazine

Scopolamine
Codeine
Milk of magnesia
Diphenhydramine

32 1 78 M 44 NS Triamterene
Hydrochlorothiazide

33 21 2 F 67 50 Theophylline
34 291 24 M 52 40 None
35 204 18 F 67 NS None
UM-4 143 F 60 NS Ativan

Cefoxitin
UM-5 139 F 48 50 Furosemide

Ranitidine
Spironolactone
Chlordiazepoxide
Diphenhydramine

UM-1 I 1 29 21 M 30 UK Dopamine
Hepann

UM-1 3 72 M 26 NS Cyclosponne A
Prednisone

Azathiaprine
UM-14 113 UK UK UK UK

a Immunoquantification of total Hip-related protein in the microsomal sample. In addition, the 100% value equals 0.058 nmol of HLp/mg of microsomal protein, as
determined by comparison of the densitometric values obtained for specimen A with a standard curve generated with purified HLp.

b Values denotes pack-years, which are defined as the number of packages of cigarettes per day x years smoked.

C UK. unknown.

a NS, nonsmoker.
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,�l of solvent A (methanol/water/acetonitrile, 39:60:1) and sonicated in

a bath sonicator for 15 mm. Testosterone and its metabolites were

resolved using a Beckman model 332 gradient HPLC system equipped

with a Supelcosil LC-18 (5 tim, 15 x 4.6 mm; Supelco, Bellefonte, PA)

column preceded by a 2-cm LC-18 guard column (40 �m; Supelco). A

23-mm concave gradient, similar to that used by Sonderfan et al. (29),

of 90% solvent A to 100% solvent B (methanol/water/acetonitrile,

80:18:2) was applied at 1.5 ml/min to the column to elute testosterone

and its metabolites, which were detected by a Spectra-Physics model

770 variable wavelength UV detector set at 254 nm. Metabolites were
quantified by comparisons of their peak areas (determined using a

Hewlett-Packard model 3390A integrator) to those of authentic stand-
ards, which were graciously supplied by Dr. Andrew Parkinson. In

addition, an unidentified metabolite eluted between 16 �3 and 18-

hydroxytestosterone at approximately 18 mm.

The immunoinhibition studies were performed, as previously de-

scribed (4), on incubations containing microsomes isolated from spec-

imen A, using a ratio of 20 mg of anti-HLp IgG to 1 nmol of total P450.

Results

Identification of HLp3. Immunoblots of human liver mi-

crosomes developed with either a polyclonal or monoclonal

antibody that recognizes HLp have demonstrated that all adult

human liver specimens previously examined contain a high

amount of a P450 that migrates in SDS-polyacrylamide gels

with the same molecular weight as HLp (4, 6, 9). However, as

shown in Fig. 1, we recently obtained a human liver specimen

that clearly contains two proteins immunochemically related

to HLp. The faster migrating protein is indistinguishable from

HLp on immunoblots developed with the monoclonal anti-

HLP antibody (Fig. 1A). In addition, the slower migrating

protein (here termed HLp3) in the specimen does not comigrate

with HLp2, a form of P450 highly related to the HLp (6), in

fetal liver microsomes (Figure 1B). These data suggest that

HLp3 represents a new member of the P450111 family. A close

examination of our bank of human liver microsomes for other

specimens containing HLp3 revealed that 7 of 27 human liver

specimens contained detectable levels of HLp3. The concentra-

tion of HLp3 expressed as a percentage of the total amount of

anti-HLp-reactive protein in microsomes isolated from these

liver specimens is shown in Table 1. In addition, upon reex-

amination of the 19 liver samples (specimens 1-4, 6-12, and

16-23) previously reported by us to contain HLp (9), 4 were

found to contain detectable levels of HLp3. Those liver speci-

mens were numbers 7, 9, 10, and 20, in which HLp3 was found

A B

HL-A HL-E HL’E FHL
Fig. 1. Immunoblot of human liver microsomes developed with monoclo-
nal anti-HLp. Immunoblot analyses were performed and developed with
monoclonal anti-HLp antibody as described in Experimental Procedures,
using microsomes isolated from human livers A (20 �g) or E (20 ,�g) (A)
or liver E (20 �g) or a fetal liver specimen (FHL; 35 �tg) (B).

to be 26, 19, 14, and 15%, respectively, of the total HLp-related

protein. As previously reported (9), only patient 9 of these 4

patients had received known inducers of the P450111 family

(dexamethasone and phenytoin). Thus, HLp3 was detected in

1 1 of a total of 46 specimens and the amount of HLp3 in these

11 specimens varied between 14 and 32% of the total HLp-

related protein. The levels of HLp3 did not correlate with the

gender, age or smoking habits of the patient. Of the 1 1 patients

expressing HLp3, only patients E and 9 had received known

inducers of the P450111 family. Thus, the expression of HLp3

does not appear to influenced by the drug history of the pa-

tients.

Purification of HLp3. In order to purify HLp3, cholate-

solubilized microsomes from specimen E were subjected to

chromatography on aminooctylamino-Sepharose 4B, DEAE-

cellulose, hydroxylapatite, and CM-cellulose columns. The var-

ious column fractions generated by these procedures that had

417 nm-absorbing material were monitored by immunoblots

developed with the monoclonal antibody that recognizes both

HLp and HLp3. At each step of the purification procedure,

those fractions that were enriched for HLp3 over HLp were

combined. This procedure resulted in a poor overall yield of

HLp3 (final yield, 0.3%) but resulted in a preparation of HLp3

that was devoid of all other proteins, most importantly HLp,

as determined by silver-stained SDS-polyacrylamide gels (Fig.

2A) and immunoblots developed with the anti-HLp monoclonal

antibody (Fig. 2B).

The elution profile of HLp3 from the aminooctylamino-

Sepharose 4B and CM-cellulose columns was similar to that

observed for the elution of HLp (4) and HLp2 (6) from these

columns. However, HLp3 did not tightly bind the DEAE-

cellulose series of columns, which is unlike that observed for

HLp (4) but is similar to what was observed for HLp2 (6). The

final preparation of HLp3 was homogeneous as judged by SDS-

polyacrylamide gel electrophoresis (Fig. 2A), and had a specific

content of 8.1 nmol of P450/mg of protein. Spectral analyses

(not shown) indicated that HLp3 exists primarily in the low

spin state and has a Soret maximum at 448.5 nm in the CO-

reduced state, which is identical to HLp but is different from

HLp2 (449.5) (6).

Characterization of HLp3. The apparent monomeric mo-

lecular weight of HLp3 is 52 kDa, as determined by its migra-

tion in an SDS-polyacrylamide gel, which is slightly greater

than that of either HLp (51 kDa) or HLp2 (51.5 kDa) (6). Fig.

3, kirtes 1-3, demonstrates that these three proteins, detected

by silver staining or immunoblotting, migrate in SDS-poly-

acrylamide gels (10%) at slightly different rates. In addition, in

mixtures, HLp and HLp3 or HLp2 were clearly separated (Fig.

3, lanes 4 and 6). However, mixtures of HLp2 and HLp3 did
not resolve (Fig. 3, lane 5), despite the fact that they migrate

at slightly different rates as pure proteins (Fig. 3, lanes 2 and

3) and in microsomal samples, as determined by immunoblots

developed with an antibody to HLp (Fig. 1B).

Because HLp3 was purified by monitoring the fractions that

were generated by the various procedures with immunoblots

developed with a monoclonal antibody that also recognizes HLp

and HLp2 (Fig. 2B), HLp3 is immunochemically related to the

P450111 family. In addition, HLp3 was also recognized on

immunoblots by polyclonal antibodies against HLp, rat P450p,

and rabbit LM3c (data not shown). Ouchterlony double-diffu-

sion analyses with goat polyclonal anti-HLp IgG were used to
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HLp HLp3 HLp2 HLp3 HLp3 HLp2
HLp HLp2 HLp

Dye

HLM AOA DEAE HTP CM �‘ Front
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HLp HLp3 HLp2 HLp3 HLp3 HLp2
HLp HLp2 HLp

Fig. 3. Electrophoretic profile of purified HLp, HLp2, and HLp3. The
purified proteins were prepared, subjected to electrophoresis in SDS-
polyacrylamide gels (1 0%), and visualized, as described in Experimental
Procedures, by silver staining (A) or immunoblotting with the monoclonal
anti-HLp antibody (B)as individual proteins (0.5 �g each for silver staining
and 0.25 �g each for immunoblotting) or as mixtures of two (0.25 �g
each for silver staining and 0.1 25 �g each for immunoblotting).

� P

4HLM AOADEAE HTP CM
Fig. 2. Electrophoretic profile of the combined fractions obtained at each
step of the purification of HLp3. Microsomes from specimen E (HLM; 7.5
,�g of protein) and the final combined fractions from the aminooctylamino-
Sepharose 4B (AOA), DEAE-cellulose series (DEAE), hydroxylapatite
(HTP), and CM52 (CM; 1 �g of protein)cellulose columns were subjected,
as described in Experimental Procedures, to electrophoresis in a SOS-
polyacrylamide gel (1 0%) and the proteins were visualized by silver
staining (A) or immunoblotting with the monoclonal anti-HLp antibody
(B).

Fig. 4. Ouchterlony double-diffusion analysis with HLp, HLp2, and HLP3,
using goat polyclonal anti-HLp lgG. The center well was filled with goat
anti-HLp lgG (Anti-P) and the outside wells were filled with bufter con-
taming i � �g/ml HLp (P), HLp2 (P2), or HLp3 (P3). The analysis was
preformed as described in Experimental Procedures.

further characterize the immunochemical relationships be-

tween HLp3, HLp2, and HLp (Fig. 4). As previously observed

with this antibody (6), HLp and HLp2 both form strong im-

munoprecipitin bands that fuse to form a line of identity.

However, with this antibody HLp3 forms only a weak immu-

noprecipitin band that fuses with the bands formed with HLp

and HLp2, creating lines of partial identity. The spurs extend-

ing past the junction of the HLp and HLp2 bands with the

HLp3 band indicate that some of the antigenic determinants

present in HLp and HLp2 are not present in HLp3.

Amino-terminal amino acid sequence analysis has been dem-

onstrated to be useful in the characterization of even closely

related P450s (2). Automated Edman degradation of HLp3

yielded a 28-amino acid sequence (Table 2). In comparison with

other HLp-related human P450s, the sequence obtained from
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TABLE 2

Amino-terminal amino acid sequences of HLp3 and related P450s
The sequences for HLp2 (6), HLp (4). P450p (34). PCN2 (33), PCNc (34), and LM3C (2) are given for comparison and underlined amino acids differ from that determined

for HLp3.

Species Form
Residue s dentified Matches

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

-

withH

Human HLp3 MDLIPNLA V E T XL L LAVSL V LLYL YGTRT 28/28

Rat

Rabbit

HLp2
HLp
P450p
PCN2
PCNc
LM3C

M D L I P N L A
MALIPOLA
MDLLSALT
M D LL S A L T
M 0 L L S A L T
M D L I F S L E

V
M
t
L
L
T

E
Q
E
E
E
W

T
T
T
T
T
V

X L
WL
WV
W V
W V
L t

L
L
L
L
L
A

L A V S L I
LAVSLV
LAVVLV
L A V T L V
L A V I L V
A S L V L L

L L V L
LLYL
LLYG
L L Y A
L L V A
V L Y

V X T R T
YGTHS
FGTRT
t G T H A
L G T H

26/27
22/28
19/28
17/28
17/22

9/22

HLp3 shares 79 and 96% homology with, respectively, HLp

and HLp2. Furthermore, the sequence obtained for HLp3 is no

more than 30% homologous with that reported for six other

human P450s (9, 11). Finally, with respect to amino-terminal

amino acid sequences reported for rat and rabbit P450s, the

sequence for HLp3 is highly similar to P450111 family members

isolated in those species (i.e., rat P450p, 68%; rat PCN2, 61%

rat PCNc, 63%; and rabbit LM3c, 41%) but was no more than

36% similar to the sequences reported for 14 other rat or rabbit

P450s (2).

Peptide mapping by limited proteolytic digestion of proteins

has also been used to determine whether isolated proteins are

structurally similar. Peptide maps of HLp, HLp2, and HLp3

generated by limited digestion with S. aureus V8 and ce-chy-

motrypsin are shown in Fig. 5. The SDS-polyacrylamide gel

electrophoretic profiles ofthe peptides generated from the three

proteins with both proteases, detected by silver staining (Fig.

5A) or immunoblotting with the monoclonal antibody to HLp

(Fig. SB), yielded maps for HLp, HLp2, and HLp3 that have

some similarities but are clearly distinct. Therefore, these three

proteins have distinct primary structures.

Catalytic properties. The in vitro stereospecific formation

of metabolites of testosterone has been used extensively to

profile the P450s present in rat liver microsomal samples (29).

However, in a recent report using thin layer chromatography

for the separation of the metabolites of testosterone, a compar-

atively few metabolites were formed by human liver microsomes

(only 6/3-, 2fl-, and 1513-hydroxytestosterone and androstene-

dione were formed) (16). As shown in Table 3, using a highly

sensitive HPLC method developed by Sonderfan et al. (29) for

the separation of the testosterone metabolites, we were able to

detect not only those metabolites previously observed but also

6a-, 16a-, 1613-, and 18-hydroxytestosterone and an unidentified

metabolite of testosterone. The only metabolites of testosterone

formed by rat liver microsomes that were not detected in

incubations with human liver microsomes were la/fl-, 2a-, and

7a-hydroxytestosterone.

In order to determine whether HLp3 catalyzes unique stere-

ospecific hydroxylations of testosterone, we compared the me-

tabolism of testosterone by liver microsomes isolated from three

patients who expressed HLp3 (patients E, F, and G) and seven

patients (A-D and H-J) who did not express HLp3. A previous

study determined that, in human liver microsomes, the levels

of P45ONF (HLp)-related protein quantified by immunoblot

analyses correlated well with the in vitro rates of formation of

6�3-, 2f3-, and 1Sf�?-hydroxytestosterone (16). In our studies, not

only did these three hydroxylations correlate with total HLp-

SA.V8 aCT
Fig. 5. Peptide maps of HLp, HLp2, and HLp3. The P450s were digested
with S. aureus V8 (S.A. V8) or a-chymotrypsin (a-CT) and the peptides
were separated by SDS-polyacrylamide gel (1 2%) electrophoresis as
previously described (6). The peptides were visualized by either silver
staining (A) or immunoblotting with monoclonal anti-HLp antibody (B).

related protein levels (r � 0.85), but so did the rates of forma-

tion of 6a-hydroxytestosterone (r = 0.79), 18-hydroxytestoster-

one (r = 0.83), 16f3-hydroxytestosterone (r = 0.79), and an

unidentified metabolite (r = 0.85). Only the rates of formation

of l6cr-hydroxytestosterone and androstenedione did not cor-

relate with HLp levels. Furthermore, preincubation of micro-

somes isolated from specimen A with the polyclonal anti-HLp

IgG inhibited the production of Ga-, 6f3-, 15/3-, and 18-hydrox-

ytestosterone and the unknown (�70%) while having little
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TABLE 3

Testosterone hydroxylase activities of human liver microsomes
Testosterone hydroxylase activities were determined using human liver microsomes as described in Experimental Procedures.

S�men
Testosterone Metaboksm

2�f0H’ 6aOH 6�f0H 15�0H l6aOH 16�iOH 18 A Total t.k,known’

pmol of product 1mm/mg

A 102.6
(1 .0)’

0.9
(1 .0)

1693.5
(1 .0)

58.0
(1 .0)

6.4
(1 .0)

23.4
(1 .0)

6.8
(1 .0)

120.6
(1 .0)

2011.8
(1 .0)

101
(1.0)

B 129.8
(1 .3)

2.9
(3.2)

1903.4
(1 .1)

62.7
(1 .1)

11.2
(1 .8)

32.6
(1 .4)

8.8
(1 .3)

106.9
(0.9)

2258.3
(1 .1)

148
(1.5)

C 75.0
(0.7)

1.5
(1.7)

1078.6
(0.6)

33.5
(0.6)

6.8
(1.1)

14.8
(0.6)

3.7
(0.5)

120.8
(1.0)

1334.7
(0.7)

67
(0.7)

0 40.3
(0.4)

0.6
(0.7)

558.2
(0.3)

24.0
(0.4)

17.6
(2.8)

20.4
(0.9)

2.1
(0.3)

100.3
(0.8)

763.5
(0.4)

33
(0.3)

E’ 425.0
(4.1)

4.8
(5.3)

6122.7
(3.6)

179.5
(3.1)

23.1
(3.6)

77.8
(3.3)

19.9
(2.9)

131.4
(1.1)

6984.2
(3.5)

440
(4.4)

F’� 198.5
(1 .9)

2.5
(2.8)

2946.9
(1 .7)

92.9
(1 .6)

5.9
(0.9)

31.2
(1 .3)

8.4
(1 .2)

104.6
(0.9)

3390.9
(1 .7)

163
(1.6)

G” 104.3
(1.0)

0.6
(0.7)

1528.6
(0.9)

47.2
(0.8)

4.8
(0.8)

22.7
(1.0)

6.2
(0.9)

100.6
(0.8)

1815.0
(0.9)

98
(0.9)

H 132.9
(1 .3)

1.3
(1 .4)

1946.7
(1 .1 )

65.5
(1 .1 )

3.7
(0.6)

33.0
(1 .4)

6.6
(1 .0)

108.7
(0.9)

2298.4
(1 .1 )

121
(1.2)

I 536.3
(5.2)

6.0
(6.7)

8406.1
(5.0)

266.2
(4.6)

10.6
(1.7)

80.7
(3.4)

36.7
(5.4)

94.6
(0.8)

9426.6
(4.7)

694
(6.9)

J 160.0
(1 .6)

0.9
(1 .0)

2375.1
(1 .4)

78.0
(1 .3)

4.3
(0.7)

32.2
(1 .4)

8.9
(1 .3)

98.7
(0.8)

2758.1
(1 .4)

168
(1.7)

a Abbreviations used to denote the position of the hydroxytestosterone formed, except A, which denotes androstenedione.
0 An unidentified metabolite was formed that was quantified as arbitrary integrator units normalized by comparison with the intemal standard and for the amount of

microsomal protein and time of incubation.
C The numbers in parentheses represent the fold difference in the rate of product formation compared to that determined for specimen A.
d Specimens contain both HLp3 and HLp.

effect on the production of l6cr-hydroxytestosterone and an-

drostenedione (<12%). The immunoinhibition ofthe formation

of 16f3.hydroxytestosterone was less dramatic (about 50%),

suggesting that, in addition to HLp-related forms, other P450s

may contribute to its production. However, there was no clear

correlation between the expression of HLp3 and the in vitro

production of any testosterone metabolite (Tables 1 and 3).

To determine whether HLp3 is capable of hydroxylating

testosterone in vitro, we performed the testosterone hydroxyl-

ase assay using reconstituted systems containing HLp3 and,

for comparison, HLp. In the reconstituted systems with HLp

and HLp3, testosterone was hydroxylated primarily at the 6/3-

position with some metabolism, between 5 and 7% of the total

with HLp, at the 2/3-position (Table 4). Because cytochrome b5
has been shown to stimulate the activity of some reconstituted

TABLE 4

Testosterone hydroxylase activities of reconstituted HLp and HLP3
preparations
Testosterone hydroxylase activities were determined in reconstituted systems, as

described in Experimental Procedure. Reconstituted systems contained: 0.05 nmol

of P450, 0.2 nmol of NADPH cytochrome P450 reductase, and 10 �g dilauroyl-
phosphatidylcholine.

Testosterone Metabolism
Reconshtuted

System 6$0H 2j�0H Total
achvdy

pmol of product/min/nmol of P450

HLp 318 24 342
HLp+b5b 732 54 786
HLp3 105 NDC 105
HLp3+b5b 270 13 283

a Abbreviations used: 6130H. 6�3-hydroxytestosterone; 2�OH, 2��f-hydroxytestos-

terone.
b Reconstituted system containing 0.05 nmol of cytochrome b,.

C ND. not detected.

P450 systems (5, 17), cytochrome b5 was added to reconstituted

systems containing HLp and HLp3 and was found to stimulate

these systems for the hydroxylation of testosterone by 2.3- and

2.7-fold, respectively (Table 4). In agreement with previous

reports on the catalytic activities of P450111 family members

in reconstituted systems (4, 5, 13, 17), the testosterone hydrox-

ylase activities of HLp and HLp3 were low even in the presence

of cytochrome b5. It is important to note that, under the

conditions used in these reconstitution studies, we did not

detect the formation of the other metabolites that we associated

with the P450111 family by their correlation with total HLp-

related protein levels and the immunoinhibition studies. How-

ever, since 6/3- and 2$-hydroxytestosterone are the metabolites

formed to the greatest extent in the microsomal studies (Table

3), it would appear that we were unable to detect the other

metabolites in the reconstituted systems because they were

formed at rates below our limit of detection.

Discussion

The data presented in this manuscript clearly demonstrate

that we identified and isolated a human liver P450 (termed

HLp3) that is a member of the P450111 family and is poly-

morphically expressed. Direct structural, immunochemical, and

functional comparisons of HLp3 with other members of the

human P450111 family, HLp and HLp2, demonstrate that these

three proteins are distinct but highly related. First, HLp3 was

initially identified in immunoblot analyses developed with an

anti-HLp antibody that also recognizes HLp2 (Fig. 1). In our

studies, HLp3 was detected on immunoblots as a protein of a

slightly greater apparent molecular weight than either HLp or

HLp2. Second, HLp3 was purified from human liver micro-

somes by procedures similar to those used to isolate HLp and

HLp2 and by following the elution of HLp3 from the various
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2 s A. Wrighton, unpublished observation.

columns by immunoblots developed with the anti-HLp anti-

body. Third, Ouchterlony double-diffusion analyses with a pol-

yclonal anti-HLp antibody showed a clear line of identity

between HLp and HLp2. However, only a weak immunoprecip-

itin band was observed with HLp3 and this band merged with

the immunoprecipitin bands for HLp and HLp2 to form lines

of partial identity (Fig. 4). This indicates that not all the

antigenic determinants shared by HLp and HLp2 are present

in HLp3. Fourth, a number of experiments demonstrated struc-

tural differences and similarities between these proteins. Spe-

cifically, limited proteolysis of these proteins with two different

proteases resulted in peptide maps that were similar. However,

for each protein distinct fragments were also observed (Fig. 5).

In addition, the amino-terminal amino acid sequence obtained
for HLp3 was found to be 96% and 78% homologous with HLp2

and HLp, respectively. Furthermore, a recently reported partial

sequence of a cloned human P450111 gene exactly predicts the

amino acid sequence reported here for HLp3 (30). Finally, the

three purified proteins migrate in SDS-polyacrylamide gels at

slightly different apparent molecular weights (HLp, 51 kDa;

HLp2, 51.5 kDa; and HLp3, 52 kDa). Fifth, in reconstituted

systems HLp3 and HLp were found to hydroxylate testosterone

at the same positions (6/3 and 2/3) that are characteristic of

P450111 forms isolated from experimental species (Table 4).

Thus, the data presented here clearly demonstrate that HLp3

is a member of the human liver P450111 family, which has

previously been shown to contain HLp (3, 4), P45ONF (3, 5),

and HLp2 (6).

The regulation of expression of HLp3 appears to be unique

among the various characterized forms of P450 in the human

P450111 family and among related forms in experimental spe-

cies. That is, HLp3 was detected in only 11 of 46 liver specimens

and its levels did not correlate with any of the parameters

examined, including the age, gender, smoking habits, and drug

history of the patients (Table 1). This is unlike what has been

observed for HLp, which has been shown to be induced in

humans by steroids (4) and macrolide antibiotics (4, 14) and

which may be influenced by gender (31), as are its related forms

in experimental species (29). It is interesting to note that both

HLp3 and HLp were detected in the only liver specimen ob-

tamed from a juvenile (specimen E). Moreover, HLp3 and HLp

were detected in a liver specimen obtained at autopsy from a
2-month-old male, the only other specimen obtained from a

child.2 To date, only HLp2 has been detected in fetal liver

microsomes (6), including a specimen obtained at autopsy from

a mid-gestation (approximately 24 weeks) male fetus.2 These

observations suggest that during human development HLp2 is

expressed exclusively in the fetus and that shortly after birth

(within 2 months) through adolescence both HLp and HLp3

can be expressed. In addition, by adulthood HLp appears to be

universally expressed, whereas there is a polymorphism in the

expression of HLp3. Finally, a recent report indicates that a

P450 with the same amino-terminal sequence as that of HLp2

is expressed in low levels in at least one adult human liver (32).

The developmental pattern of expression for the human

P450111 family does not compare well with the patterns of

development of this family in the experimental species. For

example, in the rat, P450111 family members do not appear to

be present in the fetus (6). In addition, there is a form in the

rat P450111 family that is expressed only when an inducer is

present (33). Furthermore, there is a constitutively expressed

male-specific form in the rat P450111 family that is not induc-

ible (33). Thus, great differences in the regulation ofthe expres-

sion of the rat and human P450111 families have apparently

occurred as a result of evolution.

Previous studies have demonstrated that hepatic HLp levels
are elevated in patients receiving dexamethasone (4) or the

macrolide antibiotics rifampicin (14) and triacetyloleandomy-

cm (4), as compared with the levels found in patients receiving

no known inducers of the P450111 family. In addition to steroids

and macrolide antibiotics, members of the P450111 family have

been shown to be induced in the rat by treatment with barbi-

turates (34). However, in the previous reports on the expression

of HLp, no liver specimens were obtained from patients that

were treated with only a barbiturate (4, 9). In the current study,

two patients received barbiturates or what are referred to as

“phenobarbital-like” inducers as the only medications that have

been reported to induce P450 levels. The first liver specimen

(E) was obtained from a 14-year-old male who, due to severe

head trauma, was treated with pentobarbital to induce coma.

The second sample (I) was from a 43-year-old male who re-

ceived phenobarbital and the “phenobarbital-like” inducer

phenytoin for the last 20 years of his life to control seizures.

Both of these specimens were found to have elevated levels of

total HLp-related protein, as compared with specimens from

those patients not receiving inducers of the P450111 family

(Table 1). Although HLp3 was detected in a liver specimen

from a patient receiving a barbiturate (E) and a specimen from

a patient receiving dexamethasone (specimen 9) (9), it was not

detected in all or even the majority of the liver specimens from

patients (a total of eight) who received drugs known to induce

the P450111 family. Thus, HLp appears to be induced in humans

by glucocorticoids, macrolide antibiotics, and barbiturates,

whereas these agents do not appear to influence the expression

of HLp3.

Testosterone is hydroxylated in vitro by rat hepatic P450s in

a manner that is stereospecific and regioselective (29). Thus,

the pattern of testosterone metabolites observed after incuba-

tion with rat liver microsomes is indicative of the profile of

forms of P450 present in that sample. Several previous studies

have shown that the metabolism of testosterone by human liver

microsomes is less complex than that by rat microsomes (16,

35). Our data clearly show that, by using a sensitive HLPC
technique to detect the formation of testosterone metabolites,

the pattern of metabolites observed with human liver micro-

somes is nearly as complex as that obtained with rat micro-

somes (9 versus 1 1 detected metabolites). However, unlike what

has been observed with rat microsomes, the vast majority of

the metabolism of testosterone by human liver microsomes

appears to be catalyzed by the P450111 family. That is, the

inhibition by the anti-HLp antibody of nearly all of the metab-

olism of testosterone by human liver microsomes and the

excellent correlations between HLp-related protein levels and

the rates of hydroxylation of testosterone at the 2/3, Ga, 6/3, 15/3,

16/3, and 18 positions and the formation of the unidentified

metabolite indicate that, in human liver microsomes, the

P450111 family is responsible for the vast majority of the

metabolism of testosterone. Moreover, a human fetal P450

termed HFLa, which appears to be identical to HLp2 (6), has

been shown to be responsible for the majority of the metabolism
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of testosterone by human fetal liver microsomes (36). These

data suggest that, throughout the development of humans, the

P450111 family plays a pivotal role in the hepatic clearance of

testosterone. In addition, it would appear that, like the regula-

tion of the expression of the P450111 family, in the course of

evolution the substrate specificities of the various P450s have

been altered with respect to that observed in the rat, because

several different rat forms of P450 are responsible for the

hydroxylation of testosterone at many of the positions that are

hydroxylated in humans by only HLp-related proteins. The

observations reported here indicate that studies on hepatic

xenobiotic and endogenous compound metabolism and on the

regulation of the expression of the P450s using the rat model

should be applied to the human situation with caution.
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